. While these second messenger systems may lead to sprouting similar to eag Shaker and dunce, also participate in short-term synaptic modification, a while transgenes that maintain synaptic Fas II levels unique feature of long-term synaptic plasticity is a resuppress sprouting in eag Shaker and dunce. Howquirement for altered gene transcription and protein synever, FasII mutants that cause a 50% increase in bouthesis (Nguyen et al., 1994; Nguyen and Kandel, 1996) . ton number do not alter synaptic strength; rather, Indeed, these alterations may be directly regulated by evoked release from single boutons has a reduced changes in second messenger signaling (Bourtchuladze quantal content, suggesting that the wild-type amount Bartsch et al., 1995) . These roles for second of release machinery is distributed throughout more messenger signaling and transcription represent early boutons.
alter synaptic structure at the Drosophila NMJ. A severe
The eag Sh Mutant Generates Increased Activity and Leads to Postembryonic Growth hypomorphic allele of Fas II that expresses ‫%01ف‬ protein shows a reduction in synapse size, but no effect of the Muscles 6/7 Synapse Mutations in two potassium channel subunits carried by on synaptic transmission at the fully developed third instar larval NMJ (Stewart et al., 1996) . These authors the eag Sh double mutant cause an increase in neuronal excitability (Wu and Ganetzky, 1992) . Increased neusuggest that wild-type synaptic function is maintained by a homeostatic regulation. Altered expression of the ronal activity results in an increase in structure (both number of boutons and branches) at the larval NMJ cell adhesion molecule Fasciclin I also affects synaptic structure, and in this case, function is affected as well (Budnik et al., 1990) . We extend previous results by demonstrating that this increase in the growth of the (Zhong and Shanley, 1995) . These studies do not, however, demonstrate whether such mechanisms particisynapse in eag Sh mutants occurs postembryonically. At hatching, the eag Sh mutant has 17.4 Ϯ 1.4 boutons pate in the normal growth or activity-dependent plasticity of the synapse.
(n ϭ 16), very similar to wild type . Wall-climbing third instar eag Sh larvae contain 253 Ϯ We have taken advantage of the molecular and genetic tools available in Drosophila to dissect structural 5 boutons (n ϭ 37), an increase of 41% over wild type. The increased activity in the eag Sh mutant can be and functional components of synaptic plasticity at the NMJ, demonstrating that Fas II is an essential compodemonstrated by recording from the segmental nerve, which carries both motor and sensory axons. Extracellunent of the mechanisms controlling synaptic plasticity at this glutamatergic synapse. Long-term activitylar recordings from the segmental nerve demonstrate that the normal bursting pattern of large unit events, dependent synaptic plasticity was first demonstrated at this synapse by genetic manipulations that alter neupresumably representing the bursting pattern of motor axons involved in larval locomotion, is transformed to ronal activity and cAMP concentrations. Potassium channel mutants, such as the double mutant ether-avirtually constant large unit firing ( Figure 1 ; Budnik et al., 1990) . Altered nerve repolarization in eag Sh also go-go Shaker (eag Sh), increase neuronal activity and increase synaptic structure and branching at the NMJ affects synaptic transmission. This is demonstrated by examining the compound EPSP recorded from muscle 6 (Budnik et al., 1990; Wu and Ganetzky, 1992) . In addition, dunce (dnc) mutants deficient in cAMP phosphodiesterduring stimulation of the two motor axons that innervate muscle 6. Traditionally, a postsynaptic potential at the ase increase synaptic structure and function (Zhong and Wu, 1991; Zhong et al., 1992) . In this paper, we demoninsect NMJ has been referred to as an excitatory junctional potential (or EJP). In this manuscript and in Davis strate that the down-regulation of the cell adhesion molecule Fas II (the insect homolog of NCAM and apCAM) et al. (1996 [this issue of Neuron]), we instead have used the notation EPSP. Superthreshold stimulation, suffiis downstream of eag Sh and dnc, and is both necessary and sufficient for long-term structural plasticity at this cient to recruit both motoneurons innervating muscles 6 in wild-type animals (100 s, 0.2-1 nA), evokes a single, synapse. We further demonstrate that down-regulation of Fas II on its own is not sufficient to modify synaptic time-locked, compound EPSP with an extremely reliable amplitude (0.5 mM Ca 2ϩ HL3 saline; see Experimental function.
Procedures). Similar stimulation in eag Sh mutants evokes multiple multiquantal EPSPs, suggesting that a Results single stimulus evokes multiple action potentials. During repetitive stimulation (4-20 Hz) in wild-type animals, sinNormal Development of the NMJ Most of our analysis focuses on muscles 7 and 6, which gle EPSPs follow each stimulus one for one and evoked transmission stops upon cessation of the stimulus train. are innervated by two motoneurons: RP3 and MN 6/7b. For certain experiments, we also examine muscle 3,
In eag Sh, each stimuli evokes more than one EPSP, and EPSPs continue to be evoked following cessation which is innervated by two motor axons (MN 3a and MN 3b), and muscle 4, which is innervated by two axons.
of the stimulus train ( Figure 1 ). Thus, eag Sh dramatically enhances both motoneuron activity and synaptic transAs described in the preceding paper , the synapse onto muscles 6 and 7 first forms at mission (Budnik et al., 1990) . This increase in activity is thought to increase cAMP second messenger signaling, embryonic stages late 16/early 17. The initial protosynapse consists of contact zones with membrane apposiresulting in an increase in synaptic structure and function and some clustering of vesicles, but with few of tion (Budnik et al., 1990; Zhong and Wu, 1991) . the specializations associated with the mature synapse. Toward the end of embryogenesis (stage late 17), the Neuronal Activity Is Normal in FasII Mutants synapse matures into a set of distinct boutons. At stage
In the preceding paper , we late 17 in wild-type embryos, the muscles 6/7 synapse showed that a decrease in the levels of Fas II (using consists of ‫81ف‬ boutons, and by the third instar larvae hypomorphic mutant alleles) causes an increase in the contains 179 Ϯ 3 boutons (n ϭ 37). Thus, from hatching growth of the synapse . In the to third instar, there is a 10-fold growth in the number of FasII e86 (50% Fas II) allele, or the FasII e76 /FasII e93 (10% boutons. During this same period, the number of active Fas II/wild-type Fas II) combination of alleles that generzones per bouton increases either 10-fold or 3-fold (for ate the same relative reduction of Fas II expression (to type Ib and Is boutons, respectively; see Atwood et al., ‫,)%05ف‬ we observed an increase in the growth of the 1993; . All of this keeps pace with synapse to 271 Ϯ 8 boutons (n ϭ 25) or 260 Ϯ 6 boutons the enormous growth of the postsynaptic muscle during larval life.
(n ϭ 28), respectively. Thus, an ‫%05ف‬ reduction in the FasII e86 demonstrate that neuronal activity and synaptic transmission appear normal (Figure 1 ). Extracellular recordings of the segmental nerve demonstrate that the motor axon bursting pattern appears wild type. In addition, evoked synaptic transmission, analyzing either single EPSPs or trains of EPSPs, is also normal. Thus, the increased bouton number in FasII e86 is not due to a direct effect of Fas II levels on neuronal excitability, but rather Fas II levels more directly control synaptic growth. In the next section, we test the converse hypothesis, namely that an increase in neuronal activity regulates synaptic growth by altering the levels of Fas II expression. , a precise P element excision that expresses wild-type Fas II levels) and mutant larvae were stained side by side in the same reaction tube with an antibody directed against the transmembrane form of Fas II (G. Helt and C. S. G., unpublished data). In this manner, larvae were stained under identical conditions for the purposes of comparing Fas II expression levels. A fluorescently coupled secondary antibody allowed comparison of Fas II immunoreactivity by confocal microscopy (see Experimental Procedures). Fas II is concentrated at synaptic boutons, and this localization is both preand postsynaptic . We quantified Fas II immunoreactivity at the synapse on muscle 4, where large synaptic boutons are easily accessible on specific to changes in activity and cAMP during development and is not an artifact of the genetic background. Thus, increases in either neuronal activity or cAMP concentration lead to a down-regulation of synaptic Fas II. levels of Fas II at the synapse leads to a significant increase in the number of boutons, from ‫081ف‬ in wild At present, all we can say from our light level analysis is that eag Sh and dnc lead to a decrease in synaptic type to ‫.062ف‬
Given that neuronal activity can regulate synaptic Fas II, presumably representing the Fas II expression observed on both sides of the synapse; the light level growth, we considered whether the down-regulation of Fas II might be indirectly regulating synaptic growth by data do not allow us to distinguish whether this downregulation is presynaptic, postsynaptic, or both. Howdirectly leading to a change in excitability. To address this issue, we examined whether FasII e86 alters motor ever, preliminary immunoelectron microscopic studies using the anti-Fas II monoclonal antibody (using the axon activity or synaptic transmission. Recordings from same protocol as used in reveal number to the same extent as does an increase in neuronal activity or cAMP concentration, and both of these that in dnc mutant third instar larvae, the presynaptic staining is greatly reduced while at least some of the conditions lead to a similar down-regulation of synaptic Fas II levels. These data show that down-regulation of postsynaptic staining, particularly in the subsynaptic reticulum, remains at nearly wild-type levels (data not synaptic Fas II expression is sufficient to regulate structural plasticity. These results suggest a model whereby shown), suggesting that in the dnc mutant, the downregulation may be presynaptic.
an increase in neuronal activity leads to an increase in cAMP levels that causes a down-regulation of synaptic The reduction of synaptic Fas II expression observed in eag Sh and dnc is sufficient to cause sprouting of the Fas II that, in turn, leads to synaptic sprouting. (Figures 3 and 4A ). Since axons innervating muscle 3 using a GAL4 enhancer detector line (E62) that drives expression by a subset on two independent allelic combinations that generate an ‫%05ف‬ reduction both significantly increase bouton motoneurons and muscles. Two motor axons normally innervate muscle 3 (MN 3a and 3b), and E62-GAL4 exnumber, we conclude that the observed increase in bouton number is specifically due to changes in Fas II expresses in only one of them (MN 3a). This was demonstrated by driving the UAS-FasII transgene with the E62-pression and not an artifact of genetic background. Thus, a genetic reduction of Fas II increases bouton GAL4 transgene in a FasII mutant (FasII e76 ) that Photomicrographs of the NMJ at muscles 6 and 7 in abdominal segment A2 stained with anti-Syt (A, C, E, and G) and anti-Fas II (B, D, F, and H). Anti-Syt reveals the synaptic morphology. The simple morphology of wild-type NMJs (A) is expanded in the mutants eag Sh (C), dnc (E), and FasII e86 (G) with respect to the number of boutons, the size of synaptic domain, and the branch pattern. Fas II staining demonstrates qualitative differences in the levels of Fas II between wild type and mutants that increase bouton number. Fas II immunoreactivity is reduced in eag Sh (D) and dnc (F) compared with wild type (B). Fas II staining is similarly weak in these mutants as in the FasII hypomorph FasII e86 (H) that also increases bouton number. Wild-type and mutant preparations were identically stained in the same reaction tubes to allow qualitative comparison of Fas II immunoreactivity (see Experimental Procedures). Scale bar: 50 m.
expresses ‫%01ف‬ of wild-type Fas II (which is not detectmuscle 3 and MN 3a (but not MN 3b) by using the E62-GAL4 line to drive expression of the UAS-FasII transable by the immunostaining protocol used). Driving UAS-FasII in this FasII mutant background with E62-gene in eag Sh and dnc mutant backgrounds. When Fas II levels are maintained in both muscle 3 and MN 3a (but GAL4 shows Fas II expression by muscle 3 and MN 3a, but not by MN 3b, thus permitting synthetic genetic not MN 3b), eag Sh and dnc down-regulate Fas II and increase bouton number in MN 3b, just as in eag Sh and mosaic experiments in which one motor axon serves as the control for the other . dnc mutants on their own. However, MN 3a, in which Fas II levels are kept elevated, does not show an increase The same activity-dependent plasticity observed for motor axons contacting muscles 6, 7, 12, and 13 can in bouton number ( Figure 4B ). As a control, FasII was overexpressed in MN 3a in a wild-type background and also be observed for MNs 3a and 3b ( Figure 4B ); in this muscle, eag Sh and dnc mutants lead to a nearly 100% does not alter bouton number ( Figure 4B ); other controls included the relevant transgenes alone. These results increase in the normalized number of boutons (see Experimental Procedures). Moreover, comparison of synshow that the down-regulation of synaptic Fas II is necessary for the synaptic sprouting induced by increased aptic Fas II levels shows that Fas II is down-regulated by eag Sh and dnc at this synapse just as it is at muscles activity (eag Sh) or increased cAMP (dnc). Since MN 3b sprouts even though postsynaptic Fas II levels are 6/7 (see Figure 2) . We tested whether Fas II down-regulation is necessary for activity-dependent structural maintained at high levels, it suggests that the presynaptic level of Fas II may be the key regulator of synaptic plasticity by maintaining Fas II at elevated levels in both sprouting. Although these data show that the presynapalso controlled the functional strengthening of the synapse. We assessed synaptic strength by estimating the tic level of Fas II is of critical importance, they do not allow us to distinguish between the importance of preaverage quantal content for MNs contacting muscle 6 in segment A2. The mean quantal content for a single synaptic down-regulation on its own versus simultaneous pre-and postsynaptic down-regulation. They simply synaptic recording was determined by dividing the avershow that postsynaptic down-regulation on its own age compound EPSP amplitude, recorded from muscle does not lead to sprouting, since maintaining the post-6 during superthreshold stimulation, by the average synaptic level does not suppress the sprouting.
spontaneous miniature EPSP (mEPSP) amplitude recorded from muscle 6. The stimulus strength required to recruit both MNs was determined by gradually inReduction of Synaptic Fas II Is Not Sufficient creasing the stimulus strength until two clear stimulus to Alter Synaptic Strength thresholds were observed. Preparations without clear Having shown that the synaptic down-regulation of Fas thresholds were not used for data analysis. The mean II is sufficient and necessary for activity and cAMPmediated synaptic sprouting, we wondered whether it quantal contents for numerous recordings from a single genotype were then averaged to give an average quantal release machinery simply diluted into 50% more boutons during larval growth? We were able to distinguish content for each genotype tested. In each experiment, nonlinear summation was corrected according to Martin between these two alternatives by analyzing synaptic transmission at single boutons (Stewart et al., 1994) . A (1955).
We quantified bouton number and quantal content for large bore patch electrode, just smaller than the diameter of type Is boutons, was placed over a single bouton wild type (FasII e93 ), dnc, and FasII mutants that reduce Fas II expression and increase bouton number (FasII e86 that could be visually isolated from the chain of boutons using Nomarski optics. This electrode records only the and FasII e76 /ϩ; Figure 5 ). As previously shown, dnc significantly increases quantal content as well as bouton activity of a single bouton, since movement of the electrode a single bouton diameter onto the muscle surface number compared with wild type (Zhong and Wu, 1991) . However, in FasII mutants that increase bouton number eliminates any recorded events during stimulation of the segmental nerve. In recordings of numerous individual to levels similar to that seen in dnc, there is no significant change in the average quantal content ( Figure 5A) . boutons, silent boutons were never observed in either wild type or FasII e86 (increased bouton number) in 1.0 mM Therefore, the down-regulation of synaptic Fas II on its own is not sufficient to alter synaptic function. Ca 2ϩ HL3 saline. This indicates that bouton sprouting in FasII e86 does not cause the formation of silent boutons. Since down-regulation of an adhesion molecule at the synapse may alter the quantal size, it is possible
We also recorded from single boutons in 0.1 mM Ca 2ϩ saline, in which single boutons often fail to release transthat the mean quantal content remains wild type due to a decreased quantal size. Measurements of 50-100 mitter. Release events could be clearly separated from the background noise, allowing clear discrimination of mEPSPs from five to six recordings that were closely matched for resting membrane potential were pooled release events and failures ( Figure 6A ). The ratio of observed release events to total trials is significantly rein a single amplitude histogram. There is no difference in the average mEPSP size or variance when comparing duced in FasII e86 , demonstrating that single boutons are less effective in this mutant ( Figure 6A ). These data sugFasII e86 with the control FasII e93 ( Figure 5B) . Thus, the reduction in synaptic Fas II expression does not alter gest that each synaptic bouton in FasII e86 should on average have a lower quantal content compared with the mean quantal content or the quantal size. The downregulation of Fas II is, therefore, a step in the pathway wild type. The quantal content of single boutons was estimated controlling a purely structural component in the events of synaptic plasticity. using a failure analysis in 0.1 mM Ca 2ϩ HL3 saline. A failure analysis assumes a binomial model of transmitter release and its poisson limit as the probability of release
Wild-Type Release Machinery Is Distributed throughout More Boutons in FasII Mutants
goes to zero (Boyd and Martin, 1956) . As a general guideline, the binomial distribution can be approximated by That Increase Number of Boutons The demonstration that FasII mutants increase synaptic a poisson variate with mean equal to np provided p < 0.1 and np < 10 (Evens et al., 1993), where p is the structure by ‫,%05ف‬ but do not increase synaptic function, raises an interesting issue: are these new extra probability of release, n is the number of release sites, and the product, np, is the mean quantal content, m. boutons silent, or alternatively, is the normal amount of Based on our estimate of np and data on the number of active zones within a single bouton from Atwood et al. (1993) , we believe that these conditions are met in our analysis (see Discussion).
Using failure analysis, we found that the average per bouton quantal content is reduced in FasII e86 compared with wild type ( Figure 6B ). This suggests that the wild-type transmitter release machinery is distributed throughout an increased number of boutons during larval growth. An alternative to this conclusion is that each of the increased number of boutons has a wild-type amount of transmitter release machinery, but the probability of release at each site has been reduced, resulting in a wild-type quantal content for the synapse as a whole. To test this possibility, we examined short-term facilitation in wild type and FasII e86 . The reduction in the per bouton quantal content is not accompanied by a change in paired-pulse facilitation, or facilitation during short trains of stimuli (3-5 pulses at 4-20 Hz), both generally known to be caused by presynaptic mechanisms that are sensitive to changes in the probability of presynaptic release ( Figure 6C ). Therefore, a reduction in quantal content without an effect on short-term facilitation is further evidence that wild-type transmitter release machinery is distributed throughout a larger structure in FasII mutants (FasII e86 ) that increase bouton number.
Discussion
In this paper, we have demonstrated that the downregulation of synaptic Fas II expression is both necessary and sufficient for the long-term synaptic sprouting induced by increases in neuronal activity or increases in cAMP levels. This places Fas II expression downstream of cAMP in the molecular pathway of events leading to activity-dependent synaptic sprouting ( Figure  7 ). However, Fas II down-regulation on its own is not sufficient to alter synaptic strength. We propose that events downstream of cAMP, but in parallel with changes in Fas II expression, must in part control the concomitant changes in synaptic function during longterm synaptic plasticity. Thus, this represents a genetic tic sprouting also lead to a down-regulation of presynap-(A) Histograms of measured events demonstrate that release events tic apCAM (Mayford et al., 1992; Bailey et al., 1992) , the are clearly separated from failures and that there is a large percentAplysia homolog of Fas II. This work led to the hypotheage of failures. This can also been seen in sample traces (inset; 30 sis that activity-dependent events (involving neuronal superimposed traces).
activity and increased levels of cAMP) lead to a down- corded from muscle 6 in response during paired stimulation of the (C) Paired-pulse facilitation is not altered in FasII e86 even though the segmental nerve with 50 ms or 100 ms interstimulus intervals. Averper bouton quantal content has been reduced. EPSPs were reaged data are presented as ϮSEM. We propose that increases in activity elevate cAMP levels, which cause a down-regulation of presynaptic Fas II expression. Our genetic analysis shows that the reduction in presynaptic Fas II is both necessary and sufficient to cause synaptic sprouting. Fas II is sufficient for structural plasticity (line 2), since genetic reductions of Fas II in the FasII e86 hypomorphic mutant is sufficient to cause structural sprouting. Fas II is necessary (line 3), since maintenance of presynaptic Fas II expression with a FasII transgene blocks cAMP-dependent structural plasticity. However, Fas II expression is not sufficient to alter synaptic function, since changes in the level of Fas II do not alter synaptic function. Our results demonstrate that synaptic Fas II controls the structural components of synaptic plasticity. Since elevations in cAMP increase both structure and function, there must be other elements downstream of cAMP (and perhaps in a pathway parallel to that involving down-regulation of synaptic Fas II) that mediate function plasticity.
al., 1992) that increased neuronal activity in eag Sh or critical change for presynaptic sprouting (Bailey et al., 1992) . Our genetic mosaic experiments suggest that the increased cAMP levels in dnc lead to sprouting at the larval NMJ in Drosophila. We show that these same two same is the case in vivo in Drosophila. In our mosaic experiments at muscle 3, we used a specific GAL4 enmutants lead to a down-regulation in synaptic Fas II. This in vivo data supports the same correlation seen hancer detector line to increase Fas II expression in the postsynaptic target (muscle 3) and in only one of two at Aplysia synapses in vitro, but here for Drosophila synapses in vivo. We then extend this analysis to show presynaptic MNs (MN 3a but not 3b) contacting this muscle. This overexpression of Fas II was achieved in that this down-regulation of synaptic Fas II is sufficient for synaptic sprouting . A decrease both eag Sh and dnc mutant backgrounds. The observed result was that MN 3a did not sprout, whereas by ‫%05ف‬ in the level of synaptic Fas II (in either FasII e86 or FasII e76 /ϩ), a down-regulation of Fas II that phenocopies MN 3b did show the typical level of cAMP-induced sprouting. The presynaptic level of Fas II differed bethat seen in eag Sh or dnc mutants, leads to the same magnitude of synaptic sprouting as seen in eag Sh or tween MN 3a and MN 3b, while the postsynaptic levels of Fas II were maintained equally for both MNs. These dnc mutants. In addition, we show that this down-regulation of synaptic Fas II is necessary for activity-and results show a requirement for the presynaptic downregulation of Fas II in activity and cAMP-induced synapcAMP-induced synaptic sprouting. In synthetic genetic mosaic experiments using transgenes that drive exprestic sprouting. Thus, although endogenous Fas II is present both pre-and postsynaptically (Schuster et al., sion in muscle 3 and MN 3a but not MN 3b, we show that maintained levels of Fas II both pre-and postsynap-1996) , we propose that presynaptic down-regulation of Fas II plays the primary role in regulating structural comtically suppress both the eag Sh and dnc induced synaptic sprouting (expression only postsynaptically does not ponents of synaptic plasticity in this system. Fas II, apCAM, and NCAM each have multiple isoalone suppress the sprouting in the other motor axon).
Our model (Figure 7 ) purposely proposes that synaptic forms, one of which contains a PEST sequence thought to be involved in protein degradation. The PEST ϩ isoform Fas II regulates only synaptic structure. Physiological analysis of FasII mutants that increase bouton number of apCAM appears to be selectively involved in endocytosis. It is hypothesized that cleavage at this site may demonstrates that the wild-type amount of transmitter release machinery is distributed throughout the indisrupt the cytoplasmic interactions of apCAM and target it for localization to coated pits and subsequent creased synaptic structure. Thus, Fas II down-regulation on its own is not sufficient to modulate synaptic function.
internalization (Bailey et al., 1992) . Similarly, during LTP, there is a concomitant elevation of soluble NCAM and Since we confirm previous results that elevated cAMP levels in dnc increase both synaptic structure (via Fas increased proteolytic activity (Fazelli et al., 1994) , suggesting that NCAM is also proteolytically removed from II) and synaptic function, it follows that there must be other parallel events downstream of cAMP (in addition the synaptic zone during LTP. It is not clear whether the PEST ϩ isoform of Fas II is preferentially located at the to the Fas II pathway) that are essential for cAMP-dependent functional enhancement of synaptic physiology. In synaptic terminal, or whether Fas II undergoes endocytosis. However, it is interesting to speculate that activity the following paper , we show that increased activity of the cAMP response elementor cAMP may trigger the down-regulation of synaptic Fas II by actively removing it from the presynaptic termibinding protein (CREB) is necessary in parallel with Fas II-mediated structural expansion for the cAMP-depennal. Regardless, whether it is actively removed (as hypothesized for the eag Sh or dnc mutants) or never sent dent long-term enhancement of synaptic function.
Is the critical down-regulation of synaptic Fas II octo the surface (as occurs in the FasII e86 mutant), the decreased level of synaptic Fas II leads to the same net curring presynaptically, postsynaptically, or both? The in vitro studies in Aplysia suggest that endocytotic reresult, a sprouting of the presynaptic terminal. Whether Fas II controls synaptic sprouting by simply regulating moval of apCAM from the presynaptic terminal is the the level of cell adhesion between the pre-and postsynrelease events. This is most likely caused by active zones being variable distances from the extracellular aptic membrane, or alternatively by triggering some sort of intracellular signaling, is presently unknown. Evirecording electrode, resulting in differential attenuation of release events. However, this attenuation does not dence exists showing that the related NCAM can trigger second messenger signal transduction events in neuaffect our ability to discriminate failures clearly from release events, allowing us to perform a failure analysis. rons (Schuch et al., 1989; Williams et al., 1994; Doherty et al., 1995) . Drosophila should be a good genetic system in These results, based on two independent methods of quantal analysis, suggest that the wild-type amount of which to investigate whether Fas II influences second messenger signaling and how these cascades might transmitter release machinery is distributed throughout increased synaptic structure in FasII e86 . An alternate hyregulate synaptic structure. pothesis is that each bouton in FasII e86 contains the wild-type number of active zones, but the probability of Regulation of Synaptic Function in FasII Mutants release at each active zone is decreased such that the FasII mutants (FasII e86 ) that reduce Fas II expression and quantal content for the sum of all boutons is wild type. increase bouton number do not alter synaptic function This alternate hypothesis is not supported by our experibased on intracellular recordings from muscle 6. The ments demonstrating normal short-term facilitation in average quantal content of the synapse at muscle 6 is FasII e86 . Since synaptic modulation is normal in FasII   e86 wild type in FasII e86 , and there is no change in the quantal and the per bouton quantal content is reduced, we favor size. These data are based on examination of the superthe hypothesis that the wild-type transmitter release threshold, compound EPSP recorded in muscle 6, inmachinery is distributed throughout more synaptic cluding compensation for nonlinear summation of structure. Thus, synaptic structure has been genetically quantal release events ( Figure 5 ). These data suggest isolated from synaptic function. that either wild-type transmitter release machinery is Examination of a severe hypomorphic allele of FasII distributed among a larger number of boutons, or silent that expresses less than 10% wild-type protein (FasII e76 ) boutons are created in the FasII e86 mutant. However, supports the conclusion that Fas II controls synaptic extracellular recordings from single boutons in high Ca 2ϩ structure but does not alter synaptic function. In FasII e76 , saline (1 mM) demonstrate that silent boutons are not bouton number is reduced by 30%-40% due to compropresent in FasII e86 . In addition, we also recorded from mised synaptic stabilization (Stewart et al., 1996 ; Schussingle boutons in low Ca 2ϩ saline (0.1 mM) where in a ter et al. , 1996) . Despite the reduced bouton number, high proportion of trials there was a failure to release quantal output is normal due to an increase in bouton transmitter. This analysis shows that single boutons fail size and a concomitant increase in the size and function more often in FasII e86 compared with wild type (Figof individual active zones (Stewart et al., 1996) . FasII e86 ure 6). These data support the hypothesis that wildleads to a 50% decrease in Fas II and a 50% increase type release machinery is distributed throughout more in the number of boutons, while FasII e76 leads to a 90% boutons in FasII e86 .
decrease in Fas II and a 30%-40% decrease in the To examine this issue further, we applied poisson number of boutons. Nevertheless, in both genetic condistatistics to the distribution of extracellular events retions, the quantal output is normal. Evidently, the neuron corded from single boutons in low Ca 2ϩ . We demonstrate continues to synthesize the normal amount of release that the average per bouton quantal content is reduced machinery to build active zones, which either gets diin FasII e86 compared with wild type, supporting our hyluted into more boutons or packed into fewer (larger) pothesis that wild-type release machinery is distributed boutons, respectively. We propose that during activity among more boutons in Fas II mutants that increase or cAMP-induced synaptic plasticity, increases in cAMP bouton number (Figure 6 ). Our ability to model release trigger the down-regulation of synaptic Fas II that leads at single boutons with a poisson distribution is based to an increase in structure, and at the same time inon a several observations. The binomial distribution can structs the nucleus to make more release machinery for be approximated by a poisson variate with mean equal these extra boutons. to np (where p is the probability of release, n is the By examining FasII mutants on their own, we have number of release sites, and their product, np, is equal genetically dissected the structural components of synto the mean quantal content, m) provided that p < 0.1 aptic plasticity from the functional components. The and np < 10 ( Evens et al., 1993) . Our release rate is so down-regulation of synaptic Fas II is necessary and suflow in 0.1 mM Ca 2ϩ that our average estimates of m are ficient for structural plasticity, but is not sufficient on its Յ0.13 (Figure 6 ). Even if only two active zones within a own for functional plasticity. In the following paper single bouton were active, the conditions for application , we demonstrate that this Fas IIof Poisson statistics would be met. However, it is likely mediated structural plasticity is necessary for functional that there are many functional active zones within a plasticity and that it acts in parallel with the cAMPsingle bouton based on ultrastructural reconstructions mediated increase in CREB activity to control the longthat estimate there are between 7 and 41 active zones term changes in synaptic function. within a single type 1 bouton (7 for type 1s and 41 for type 1b; Atwood et al., 1993 Recordings were selected for data acquisition only with resting potassium channel subunits (Kaplan and Trout, 1969; Jan et al., 1977) (provided by C.-F. Wu and B. Ganetzky) . dnc M14 eliminates the membrane potentials between Ϫ60 and Ϫ70 mV. Stimulation of the segmental nerve was achieved by pulling the cut end of the nerve activity of cAMP phosphodiesterase II, resulting in higher concentration of cytosolic cAMP (Byers et al., 1981) . UAS-FasII is a homozyinto a suction electrode and passing brief depolarizing pulse (100 s) with a MASTER-8 stimulus generator and stimulus isolation unit. gous viable transgenic line harboring a UAS-FasII (PEST ϩ ) construct on the second chromosome (D. Lin and C. S. G., unpublished data).
The amplitude of the pulse necessary to recruit both motoneurons innervating muscle fiber 6 was determined for each experiment. In E62-GAL4 is a homozygous viable GAL4 enhancer-trap line (second chromosome insert; Lin and Goodman, 1994) . E62-GAL4 expresses brief, the stimulus strength was gradually increased until both MNs were recruited, as ascertained by seeing a second threshold EPSP. in a subset of motoneurons and muscles, including muscle 3 and one of the two motoneurons innervating muscles 3 (it does express
The stimulus strength was then increased above this threshold to ensure recruitment of both MNs for the remainder of the experiment. in MN 3a but not in MN 3b) . MHC82-GAL4 is a homozygous viable GAL insert on the third chromosome. To
For each experiment, the average superthreshold EPSP amplitude was estimated by signal averaging numerous single EPSPs evoked generate this line, the myosin heavy chain promoter that expresses specifically in muscle was fused to the GAL4 cDNA (M. Winberg at low frequency (0.2 Hz) to prevent synaptic depression; 10-30 EPSPs were generally sufficient to obtain a reliable estimate of the and C. S. G., unpublished data). MHC82 drives GAL4 expression at high levels specifically in muscle.
EPSP amplitude given that the synaptic transmission is very stable and consistent in 0.5 mM Ca 2ϩ HL3 saline. mEPSP amplitudes were recorded directly after collecting single EPSP amplitudes. To charImmunocytochemistry acterize frequency-dependent synaptic modulation, stimuli were deFor methods, see previous paper . livered 10 Hz using stimulus generator (MASTER-8). Stimulus trains were separated by a 5 s rest. All data was analyzed off line, by hand, Quantification of Synaptic Size with the cursor option in the Clampfit portion of PCLAMP6 software Anti-Syt antibody was used to stain the individual synaptic boutons.
(Axon Instruments). The number of boutons was counted on muscles 6 and 7 at high magnification (40ϫ) with Nomarski optics. Since individual synaptic Quantal Analysis (Muscle Recording) boutons can make simultaneous functional connections with both
The mean quantal content for a given MN synapse on muscle fiber muscle fibers, the number of boutons on muscles 6 and 7 were 6 was estimated by dividing the average evoked EPSP amplitude grouped together (R. Fetter and C. S. G., unpublished data). There by the average amplitude of the spontaneous miniature release is a tight coupling between muscle size and bouton number (Schusevents. Average EPSP amplitudes between 20 and 30 mV were ter et al., 1996) . Slight variability in muscle size will increase the typical and therefore in the range where nonlinear summation might variability of bouton counts and interfere with quantitation of MN be a problem. In each experiment, nonlinear summation was corsynapse size. Thus, in many experiments, the number of boutons rected according to Martin (1955) . However, to assure further that on muscles 6 and 7 were normalized to the combined rectangular nonlinear summation was not confounding our interpretation, surface area of both muscles. It is acknowledged that bouton numquantal analysis was performed using a failure analysis at the level ber increases more directly with the muscle volume, but we could of single boutons which allows an estimate of quantal content that measure muscle area, and we consider the rectangular surface area is independent of EPSP amplitudes (next section). to be a reasonable approximation of volume, since in cross section the muscle is a narrow ellipse. The muscle length and width were measured using an ocular micrometer (Zeiss).
Quantal Analysis at Single Boutons
Single boutons were visualized with Nomarski optics (40ϫ) on the surface of muscle fiber 6 in abdominal segments 2 and 3. Boutons Genetics were chosen for recording if they could be clearly isolated from the To express Fas II transgenically in the background of eag Sh and chain of boutons running along the surface of the muscle fiber. A dnc mutants, we first constructed the following lines: eag Sh/FM7c; large bore patch electrode, slightly smaller than the diameter of UAS-FasII; the smaller type 1s boutons, was placed directly over the isolated Sh/FM7c; UAS-FasII virgin females were crossed to the GAL4 enbouton. The patch electrode was filled with 0.1 mM Ca 2ϩ HL3 saline, hancer-trap line E62/E62; MHC82/MHC82 or to Canton S (wild type).
the same saline used to bathe the preparation for these recordings. Male larval progeny carrying either eag Sh/y or dnc/y and UAS-FasII/ The bouton activity was recorded using an Axopatch 200 (Axon GAL4 were dissected and stained for neuromuscular morphology Instruments) in Fast clamp mode. The extracellular recordings reor Fas II expression. Male larvae carrying either eag Sh or dnc were cord the specific activity of a single bouton, since no events could selected from those carrying the FM7c balancer based on the color be recorded when the patch electrode was moved a single bouton of their Malpigian Tubules (MTs). Colorless MTs identified w Ϫ /Y diameter away from a bouton; 0.1 mM Ca 2ϩ HL3 saline was used to males and thus the X chromosome FM7c. Wild-type MTs identified maximize failures at a single bouton. There are about 40 active the following males: eag Sh/Y; UAS-FasII/E62 or dnc/Y; UAS-FasII/ zones at type 1 boutons (Atwood et al., 1993) , and therefore, a low E62 or eag Sh/Y; UAS-FasII/ϩ; MHC82/ϩ or dnc/Y; UAS-FasII/ϩ; Ca 2ϩ saline was required to observe a significant failure rate. The MHC82/ϩ or eag Sh/Y; UAS-FasII/ϩ or dnc/Y; UAS-FasII/ϩ. These mean quantal content was then determined by the method of failures animals were dissected and immunohistochemically processed as assuming the poisson limit of the binomial as the probability of described.
transmitter release goes to zero. The mean quantal content (m) is estimated as m ϭ ln(N/n 0) where N is the number of stimulus trials Physiology and n 0 is the number of failures. Such an analysis was possible Third instar larvae were selected at the wandering stage after having given the clear separation between release events and noise level left the food. The larvae were dissected in ice-cold, 0 mM Ca 2ϩ present in the failures. Data sets of 300-500 trials were used in this haemolymph-like saline (HL3) according to Stewart et al. (1994) .
analysis. Only a single bouton was sampled at a given muscle fiber Larval fillets were washed with 5 ml of HL3 saline containing the due to the large number of stimuli delivered for a single data set. Ca 2ϩ concentration to be used during that recording. The larval NMJ These larvae were raised according to the protocol presented in was visualized with a compound microscope (Zeiss) modified with for single bouton recordings. a fixed stage and water immersion lens. Whole muscle recordings were performed on muscle fiber 6 of abdominal segments 2 and 3. Recordings were achieved using sharp microelectrodes (boroscili
